Using a chemically defined medium without L-alanine, Lactobacillus johnsonii was demonstrated to be strictly auxotrophic for that amino acid. A comparative genetic analysis showed that all known genes involved in L-alanine biosynthesis are absent from the genome of L. johnsonii. This auxotrophy was complemented by heterologous expression of the Bacillus subtilis L-alanine dehydrogenase.
Lactic acid bacteria (LAB) play important roles in food conservation because of their fermentative ability and contribute to the equilibrium of the gastrointestinal tract (GIT) microbiota. Lactobacillus johnsonii was shown to survive its passage through the GIT and to adhere to intestinal cells in vitro (25, 29) . Such interactions of bacteria with the GIT may contribute to its protection against pathogenic microorganisms (28) . A close association between the bacteria and their environment undoubtedly results in adaptation of their metabolic capacities. The presence of amino acids in the environment, for example, can lead to a progressive inactivation of their biosynthetic pathways (13, 14) . Several genes and gene clusters in LAB have been implicated in amino acid biosynthesis (9) . These include genes involved in the biosynthesis of tryptophan, histidine, and branched-chain amino acids in Lactococcus lactis (3, 11, 17) and those implicated in glutamine biosynthesis in Lactobacillus delbrueckii subsp. bulgaricus (21) . Little is known, however, about L-alanine biosynthesis in LAB, as most studies have been done on Escherichia coli and Salmonella enterica serovar Typhimurium (5, 34) . No strict auxotrophy for this amino acid has been reported, probably because L-alanine can be synthesized by many different metabolic pathways. Only mutants exhibiting a leaky requirement for alanine have been isolated for E. coli and S. enterica serovar Typhimurium (33) .
In this work, using a chemically defined medium (CDM) without L-alanine, L. johnsonii was shown to be strictly auxotrophic for that amino acid. A comparative analysis of genes encoding enzymes that are known to be involved in L-alanine biosynthesis revealed a total absence of these genes in L. johnsonii. The L-alanine auxotrophy was complemented by heterologous expression of the L-alanine dehydrogenase gene (alaD) isolated from Bacillus subtilis (natto), a gram-positive microorganism used in the preparation of some foods.
L-Alanine auxotrophy of L. johnsonii. L. johnsonii from the Nestlé Culture Collection (NCC533) was grown anaerobically in MRS broth (Difco, Detroit, Mich.) at 37°C for maintenance. Growth factor requirements were defined by growing L. johnsonii in a CDM (15) . Optimized, this medium contains 42 components (Table 1) , including amino acids, inosine, vitamins, glucose, and salts. The pH of the CDM was adjusted to 6.2. This CDM allowed rapid growth of the microorganism, with a maximum specific growth rate ( max ) of 1.6 h Ϫ1 . For batch cultures, optical densities at 600 nm (OD 600 values) of 2 to 3 were found.
L. johnsonii was grown in the CDM in the presence and in the absence of L-alanine, and growth was indicated by increased OD readings. While growth in a complete CDM was comparable to that in MRS broth, the absence of L-alanine allowed only limited growth. This result indicates that L. johnsonii is dependent on L-alanine for growth and is strictly auxotrophic for this amino acid. When two potential precursors for L-alanine biosynthesis, L-valine and L-glutamate (see below), were also removed from the CDM, no growth was observed, indicating that this organism is auxotrophic for these two amino acids as well.
Alanine biosynthesis pathways. A literature survey of alanine metabolism in microorganisms identified three major biosynthetic pathways for this amino acid: reductive amination of pyruvate by alanine dehydrogenase (AlaD), decarboxylation of L-aspartate by aspartate-4-decarboxylase (AspD), and transamination from other amino acids and amines to pyruvate by aminotransferases (ATs) such as glutamate-pyruvate AT (AlaB) and valine-pyruvate AT (AvtA) (Fig. 1) . A branchedchain amino acid AT (IlvE) seems to be involved in alanine metabolism under certain conditions (7, 8) . In some cases, the tyrosine-repressible AT (TyrB) shows an L-alanine AT activity (33) . With the exception of AlaD, all of the enzymes involved in L-alanine biosynthesis belong to the large family of pyridoxal 5Ј-phosphate (PLP)-dependent enzymes.
L-Alanine was shown to be essential for L. johnsonii growth. The origin of this auxotrophy was determined using the complete genome sequence of L. johnsonii. In the first step, the GenBank-deposited amino acid sequences of all enzymes known to be involved in L-alanine biosynthesis (Fig. 1 ) were used as a query for BLASTP analysis (1) against all predicted L. johnsonii proteins ( Table 2) . A similarity search performed using the default BLAST parameters revealed the absence of significant similarity (high P values) for the enzymes directly involved in L-alanine biosynthesis: AlaD, AspD, AlaB, and AvtA. However, a significant similarity (low P value) was obtained for L-alanine racemase (Alr). The LJ0272 protein shares 46% amino acid identity with the alanine racemase of Lactobacillus reuteri (32) ( Table 2) , an enzyme that catalyzes the conversion of L-alanine to D-alanine. The D-enantiomer is mainly used for cross-linking of adjacent peptidoglycan chains in the bacterial cell wall.
Among the enzymes indirectly involved in L-alanine biosynthesis, IlvE and TyrB showed no significant similarity to L. johnsonii proteins; however, two proteins, LJ0915 and LJ1390, were found to exhibit 23 and 25% amino acid identity, respectively, with AspC of Lactococcus lactis (Table 2) . So far, additional known ATs potentially implicated in L-alanine metabolism (EC 2.6.1.15, 2.6.1.21, 2.6.1.44, 2.6.1.51, 2.6.1.71, and 2.6.1.22) have not been found to be encoded in prokaryotic genomes.
To further refine the searches, a TBLASTN similarity search was performed to compare the query enzyme sequences (Table   2 ) with the genomic L. johnsonii DNA sequence translated in the six frames. This search confirmed the absence of all four enzymes directly involved in L-alanine biosynthesis. Then, protein motif searches on protein profiles including the Pfam (4) alanine racemase motif, the AT class I, II, IV, and V motifs, and the DegT/DnrJ/EryC1/StrS aminotransferase family motifs (Table 3) were performed using the DNA search algorithm Wise2 (http://www.ebi.ac.uk/Wise2/). Using the alanine racemase motif, one hit within the L. johnsonii genome matched the previously identified putative racemase LJ0272. Using AT class I and II motifs, two hits matched the two previously identified PLP-dependent ATs, LJ0915 and LJ1390 (Table 2) . LJ0915 showed 50% sequence identity to a recently described L. delbrueckii cystathionase (2) that catalyzes the cleavage of L-cystathionine to homocysteine, pyruvate, and ammonia via an ␣/␤-elimination reaction (10) . LJ1390 showed 43% sequence identity to the Lactococcus lactis aromatic amino acidspecific AT (27) , which plays an important role in the biosynthesis of amino acids and in the conversion of amino acids to aromatic compounds. Both enzymes are putative PLP-dependent ATs, but neither is involved in L-alanine biosynthesis. In addition, the AT class V motif allowed identification of three more PLP-dependent ATs: LJ0953, LJ0984, and LJ1140 (Table 3). The first two ATs are putative cysteine desulfurases (NifS-like proteins [24] ), a group of enzymes mediating chemical reactions common to diverse metabolic pathways and exhibiting sequence homology to PLP-dependent ATs. This type of enzyme is not involved in L-alanine metabolism. The last AT may be involved in the production of L-alanine from selenocysteine. Members of the large family of PLP-dependent enzymes exhibit several different enzymatic activities, among them the aminotransferase activity that is found in a wide range of enzymes having the same function of amino group transfer but with many different specificities for the donors and acceptors. These specificities were evolutionarily optimized to accelerate the required reactions, so that the turnover of all other alternative reactions was several orders of magnitude lower (22) . Many PLP-dependent ATs are found in other bacteria; for example, Listeria innocua has 16 and Lactococcus lactis has 14. The small number of ATs found in L. johnsonii may explain why this bacterium cannot synthesize L-alanine.
Expression of the B. subtilis alanine dehydrogenase in L. johnsonii. In order to confirm that L-alanine auxotrophy in L. johnsonii is due to the absence of an enzyme involved in Lalanine biosynthesis, alanine dehydrogenase (AlaD) was expressed heterologously. AlaD is responsible for the biosynthesis of L-alanine from pyruvate and ammonia (31) . This enzyme was shown to convert Lactococcus lactis from a homolactic acid fermenter to a homoalanine fermenter through heterologous expression of AlaD after inactivation of lactate dehydrogenase (20) . The alaD gene was isolated from B. subtilis (natto) (NCC156) by DNA amplification using a forward primer, A722 (5Ј GATGTTTAGACCATGATCATAGGGGTTCC), and a reverse primer containing a BamHI site (in italics), A723 (5Ј TTGGGATCCCGCCATATTGCTGAACAGCC) (Microsynth, Balgach, Switzerland). The ldh promoter of Streptococcus thermophilus (NCC9019) was amplified using a forward primer containing an EcoRI site (in italics), A720 (5Ј TGTGAATTC TAGATAGATGAGTC), and a reverse primer, A721 (5Ј AC CCCTATGATCATGGTCTAAACATCTCC). Both amplifi-FIG. 1. Known metabolic pathways involved in the synthesis of alanine and found in L. johnsonii (bold arrows). For enzyme abbreviations, see Table 3 . on October 1, 2017 by guest http://aem.asm.org/ cation products were fused by DNA amplification using primers A720 and A723. The final product was cleaved with EcoRI and BamHI and cloned into pNZ124 (26) . The resulting plasmid, pHK15, was transformed into Lactococcus lactis MG1363 (16) by electroporation (19) . Plasmid DNA was purified using a minipreparation kit (Gibco BRL) and transformed into L. johnsonii. An 8-h starter culture of L. johnsonii was diluted 1/100 in MRS broth containing 0.5 M sucrose and grown overnight at 37°C under anaerobic conditions. After being diluted again under the same conditions, the culture was grown to an OD 600 of 0.6. Cells were washed twice in an ice-cold solution comprising 1 M sucrose and 2.5 mM CaCl 2 transformants/g of pHK15 DNA. The recombinant L. johnsonii harboring the pHK15 plasmid was grown at 37°C in CDM containing chloramphenicol (5 g/ml) but no L-alanine. This medium allowed rapid development of the recombinant microorganism (Fig. 2) , with a maximum specific growth rate of 1.4 h Ϫ1 , comparable to that of the wild-type L. johnsonii (1.6 h Ϫ1 ) grown in a complete CDM. In the absence of L-alanine, only residual growth was observed for the wild-type L. johnsonii (Fig. 2) . This residual growth could be due to internal pools of L-alanine. The introduction of pHK15 into L. johnsonii conferred L-alanine prototrophy to the microorganism, indicating a successful heterologous expression of the B. subtilis alaD gene and an efficient activity of the alanine dehydrogenase.
Conclusion. L. johnsonii is the first bacterium found to be strictly auxotrophic for L-alanine. This auxotrophy was complemented by overexpression of the B. subtilis alanine dehydrogenase gene (alaD). Amino acid auxotrophy has been reported to occur via inactivation of genes involved in their synthesis because of point mutations (9) . In L. johnsonii, genes involved in L-alanine biosynthesis not only were inactivated by point mutations but were apparently deleted during evolution in an environment rich in L-alanine. It has also been shown that bacterial genomes are subjected to a high genomic deletion rate that has resulted in reduction of their genome sizes and deletion of unnecessary genes (23) . Once genes essential for the synthesis of a particular amino acid have been deleted, the bacterium becomes dependent on the supply of the amino acid. Specific Lactobacillus strains are known to be residents of the nutrient-rich small intestine, where they may contribute to protection against pathogens and toxins, known as a probiotic property (18, 28) . As a consequence, the deletion of genes encoding enzymes essential for amino acids synthesis, like in L. johnsonii, has led to a commensal relationship between the bacterium and the human host. More extensive gene deletions are found in Buchnera sp., which has established a symbiotic relationship with aphids living inside specialized cells called bacteriocytes; the size of its genome was reduced over time to 0.64 MB (30) . Such a tendency for genome reduction through adaptation reminds us that a bacterium and a primitive eukaryote may have once established a symbiosis based on respiration for the evolution of mitochondria (12) . For most lactobacilli that are adapted to grow in nutrient-rich environments, genome sizes are still around 2 MB (1.99 MB for L. johnsonii). In contrast, a larger coding capacity, such as that of E. coli, with a genome size of 4.6 MB, indicates the maintenance of higher metabolic diversity and, thus, the potential to overcome nutrient-poor environments (6) . This kind of ecogenomic approach, involving the analysis of complete bacterial genomes, will eventually lead to identification of the complete metabolic potential, which will help to define the natural ecological environment of microorganisms.
